Recent studies have found that smoking is associated with an increased risk of dementia, but the effects of secondhand smoke (SHS) on dementia risk are not known to have previously been studied. The authors used Cox proportional hazards marginal structural models to examine the association between self-reported lifetime household SHS exposure and risk of incident dementia over 6 years among 970 US participants in the Cardiovascular Health Cognition Study (performed from 1991 to 1999) who were never smokers and were free of clinical cardiovascular disease (CVD), dementia, and mild cognitive impairment at baseline. In addition, because prior studies have found that SHS is associated with increased risk of CVD and that CVD is associated with increased risk of dementia, the authors tested for interactions between SHS and measures of clinical and subclinical CVD on dementia risk. Moderate (16-25 years) and high (>25 years) SHS exposure levels were not independently associated with dementia risk; however, subjects with >25 years of SHS exposure and >25% carotid artery stenosis had a 3-fold increase (hazard ratio ¼ 3.00, 95% confidence interval: 1.03, 9.72) in dementia risk compared with subjects with no/low (0-15 years) SHS exposure and 25% carotid artery stenosis. High lifetime SHS exposure may increase the risk of dementia in elderly with undiagnosed CVD.
Tobacco smoke contains hundreds of chemicals known to be toxic or carcinogenic, which can occur in greater concentrations in secondhand smoke (SHS) than in the smoke inhaled by smokers (1, 2) . Exposure to SHS is associated with developmental and respiratory problems in children as well as increased risk of lung cancer and coronary heart disease in adults (1, 2) . In addition, a recent study found that SHS exposure was associated with greater risk of cognitive impairment in adults (3) . However, to our knowledge, the association between SHS and dementia has not previously been studied.
The effects of active smoking on the brain have been somewhat controversial, with some early reports suggesting that active smoking might have beneficial effects (4, 5) or even be associated with a reduced risk of dementia (6, 7) .
However, more recent evidence clearly suggests that active smoking has neurotoxic effects (8, 9) and is associated with approximately a doubling in dementia risk for older adults (10) (11) (12) . Therefore, it is plausible that nonsmokers who are exposed to high levels of SHS might also experience increased dementia risk.
SHS also might represent an indirect risk of dementia by exacerbating the risks associated with underlying vascular disease. SHS causes vascular changes, including carotid artery thickening, lesion formation, platelet aggregation, and compromised endothelial function, and may contribute to stroke (1, 2, 13, 14) . Vascular disease, in turn, has been associated with an increased risk of developing dementia (15) . Additionally, several recent studies have found that measures of subclinical vascular disease (cerebral magnetic resonance imaging (MRI) findings of small/silent infarcts, enlarged ventricles, and white matter disease (16, 17) ) and ultrasound evidence of carotid artery thickening (18) (19) (20) -and their potential co-occurrence with SHS (13, 21) -are associated with increased dementia risk and evidence of cognitive impairment.
The primary objective of this study was to determine whether SHS exposure is associated with increased dementia risk for older nonsmokers. In addition, given the known deleterious effects of SHS on the vascular system (1, 2) and the growing evidence that vascular disease contributes to the clinical manifestation of dementia (15) (16) (17) (18) (19) , we hypothesized, a priori, that SHS increases dementia risk in vulnerable subpopulations with underlying clinical or subclinical vascular disease ( Figure 1 ).
MATERIALS AND METHODS

Subject population
The subject population was participants in the Cardiovascular Health Cognition Study (17, 22, 23) , which is nested within the larger Cardiovascular Health Study (24) . The Cardiovascular Health Study is a prospective, populationbased, longitudinal study of risk factors for coronary heart disease and stroke in adults aged 65 years or older. Subjects were recruited from randomized Medicare eligibility lists in 4 US communities: Forsyth County, North Carolina; Washington County, Maryland; Sacramento County, California; and Pittsburgh, Pennsylvania. The Cardiovascular Health Study enrolled 5,201 participants from 1989 to 1990 and an additional 687 African-American participants in 1992-1993.
In 1998-1999, the Cardiovascular Health Cognition Study was initiated to identify subjects who had developed dementia during follow-up (17, 22, 23) . Participants included 3,608 subjects from both groups who had a cerebral MRI scan and a Modified Mini-Mental State Examination in 1991-1994. A standardized protocol was administered across the 4 sites to classify subjects as having prevalent dementia at the time of the MRI examination or incident dementia from the time of the MRI to the end of the followup period (1998) (1999) , death, or loss to follow-up.
Of the 3,608 participants, we included only those who had normal cognitive function, were lifelong nonsmokers, and did not have clinical cardiovascular disease (CVD) at baseline so that we could focus on incident disease pathways (i.e., to ensure that SHS exposure clearly preceded both clinical CVD and dementia). Participants from the African-American cohort were excluded from our analyses because it was not possible to differentiate between prevalent and incident CVD at the time of the MRI in this group; however, African-American participants from the original cohort were included. Of the 3,171 potential subjects from the original cohort, we excluded 175 who had prevalent dementia at baseline, 415 with mild cognitive impairment for whom year of onset was unknown and it was not possible to differentiate between prevalent and incident disease, 1,335 current or former smokers, 2 with missing smoking status, 244 with underlying CVD at baseline, 10 with Modified Mini-Mental State Examination scores of less than 70 or missing at baseline, and 20 with missing SHS exposure. Thus, data on 970 subjects remained available for analysis.
Cardiovascular Health Study procedures were approved by institutional review boards at each site, and all participants signed an informed consent at entry and periodically throughout the study. Moreover, the secondary data analyses described here were approved by the Cardiovascular Health Study Steering Committee; the Committee on Human Research at the University of California, San Francisco; the San Francisco Veteran's Administration Medical Center R&D Committee; and the institutional review board at the University of California, Berkeley.
Dementia diagnosis
Dementia was defined as a progressive or static deficit in at least 2 cognitive domains that did not necessarily include memory and was of sufficient severity to affect subjects' daily activities, combined with a previous history of normal intellectual function (17, 22, 23) . This definition differs slightly from the standard Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, definition (25) , which requires a memory deficit. Individuals who did not meet the dementia criteria but who exhibited poor cognitive function that reflected a decline from a prior level were classified as having mild cognitive impairment. Standard criteria were used to classify dementia type as probable or possible Alzheimer's disease, probable or possible vascular dementia, mixed dementia, or other (25) (26) (27) (28) .
Diagnoses were made by an adjudication committee that consisted of neurologists and psychiatrists (one from each site) with expertise in dementia diagnosis (17, 22, 23) . Data available for review consisted of information collected annually as part of the main Cardiovascular Health Study and included cognitive test scores, depressive symptoms, level of difficulty with activities of daily living and instrumental activities of daily living, hearing and vision problems, alcohol intake, use of drugs to treat dementia, and recent hospital records. Moreover, detailed neuropsychological, neurologic, and neuropsychiatric data were available for a subgroup of high-risk participants who were examined in 1998-1999. Subjects who died or were lost to followup were classified on the basis of their status at the time of death or their last evaluation, respectively.
Secondhand smoke
Subjects were asked whether they had ever lived with anyone who smoked cigarettes regularly and, if so, the total number of years and the time period (childhood, ages 20-50 years, after age 50 years). A summary exposure variable was created to reflect the total number of years of SHS exposure. In preliminary analyses, risk of dementia was calculated for deciles of SHS exposure, and categories were collapsed when age-adjusted risk estimates were roughly equivalent. Final analyses included 3 categories of SHS exposure: none/ low ( 15 years), moderate (16-25 years) , and high (>25 years). Subjects with no exposure and low exposure were combined into the lowest category because there was no observed difference in risk of dementia between these 2 groups. Workplace and other external sources of SHS were not assessed.
Vascular disease measures
CVD was defined as having a history of myocardial infarction, stroke, transient ischemic attack, angina pectoris, claudication, angioplasty, or bypass surgery. All vascular events were identified at baseline and during follow-up as part of the main Cardiovascular Health Study by using a protocol that required validation by either physician questionnaire or medical record review (24, 29, 30) .
Subclinical MRI measures were based on cerebral MRI examinations performed by using a standard protocol (31, 32) . Images were interpreted by trained neuroradiologists who were blinded to subjects' age, sex, race, ethnicity, and other clinical information. Infarcts on MRI were defined as lesions with abnormal signal in a vascular distribution and no mass effect. White matter disease was estimated as the total volume of periventricular and subcortical white matter signal abnormality on spin-density-weighted axial images compared with 8 ''reference'' images and was classified from grade 0 (none) to grade 9 (extensive). Specific subclinical MRI measures used in this study included small infarcts (<3 mm), large infarcts (!3 mm), and white matter disease (grade 3 or higher).
Subclinical carotid artery measures were based on duplex ultrasonography performed with 2-dimensional brightness mode imaging to detect thickening of the arterial wall, disruption of normal wall surfaces, and development of focal plaques bilaterally (33) . Images were interpreted at the Cardiovascular Health Study Ultrasound Reading Center by trained readers. Specific subclinical carotid artery measures used in this study included internal or common carotid artery thickness above the 80th percentile and stenosis >25% of the internal carotid artery.
Other measures
Time-independent measures included age (categorized as <70, 70-73, 74-79, !80 years), race (African American/ other, Caucasian), gender, income (categories ranged from <$5,000 to !$50,000), education (high school equivalent or greater), apolipoprotein-E genotype (e4 allele present/absent), C-reactive protein (milliliters per liter), and occupation (professional, sales/clerical, farmer/craftsman, housewife, other). Time-dependent measures included self-reported health (excellent, good, fair, poor), hypertension (ever hypertensive/borderline or not hypertensive based on history of hypertension and/or measured blood pressure at visit), diabetes (fasting glucose !126 mg/dL and/or oral hypoglycemic/insulin therapy), physical activity (number of blocks walked in the last week), depression (Center for Epidemiologic Studies Depression (34) Scale score of !16), weight (kilograms), cholesterol (milligrams per deciliter), and alcohol intake (number of beverages per week). The time-dependent measures were recorded annually over follow-up with the exception of the diabetes measure, which was recorded for 2 of the possible 6 annual visits. These variables were accounted for as potential confounders in the analysis (refer to the Appendix).
Statistical analysis
Bivariate and multiway associations between subclinical and clinical CVD, SHS exposure, and dementia were examined. Associations between potential confounding factors and dementia also were evaluated and incorporated into subsequent multivariable analyses (refer to the Appendix). Stratified Kaplan-Meier plots were used to examine the distribution of incident dementia by subclinical and clinical CVD status.
Cox proportional hazards marginal structural models (MSMs) were used to study different causal pathways between SHS and dementia risk ( Figure 1 ) and to account for incident clinical CVD on the causal pathway. These models can provide unbiased estimates of causal effects in the context of time-dependent confounders and causal intermediates (35) (36) (37) (38) , whereas standard analytic methods are likely to produce biased risk estimates under these conditions (39) (40) (41) . These models do not adjust for incident CVD. Rather, they account specifically for incident CVD as a potential causal intermediate. Therefore, the estimates of the observed associations from these models (e.g., SHS) reflect effects that are independent of incident CVD. Details of application of MSMs for this study are provided in the Appendix and in methods described elsewhere (39) .
For our analyses, Cox proportional hazards MSMs were fit by using weighted logistic regression estimated with generalized estimating equations, with individual weights derived for each subject (36) . Specific models included direct effects of SHS and CVD (model 1), additional direct effects of subclinical MRI measures (model 2) and subclinical carotid artery measures (model 3), and joint effects of SHS and subclinical carotid artery measures (model 4). For some of the models (e.g., joint effects of SHS 3 CVD), sample sizes were too small to test our hypotheses.
RESULTS
Descriptive and crude analyses
Subjects were a mean age of 74 years (standard deviation, 5), and 74% were women. More than 60% had lived with a smoker for 15 years (n ¼ 600), including 470 who had never lived with a smoker; 13% (n ¼ 123) had lived with a smoker for 16-25 years, and 25% (n ¼ 247) had lived with a smoker for >25 years. Subjects were followed for a mean of 5.5 years (range: 0.5-8.4), during which time 15% (n ¼ 148) developed dementia (94 Alzheimer's disease, 41 vascular dementia, 10 mixed dementia, 3 other).
Participants who had lived with a smoker for 15 years were older and were less likely to be female compared with those who had lived with a smoker for >15 years (Table 1) . No differences were observed between the 3 SHS groups based on education or presence of clinical vascular disease, subclinical MRI measures, or subclinical carotid artery measures.
In crude analyses, we found no evidence of an association between SHS exposure and risk of dementia (Table 2) . Moreover, incident clinical vascular disease was not significantly associated with dementia risk. In contrast, most of our measures of subclinical vascular disease were associated with increased dementia risk.
MSM analyses
In our MSM analyses (Table 3) , incident clinical CVD was the ''causal effects'' parameter, whereas the other variables in the model were treated as ''stratification'' variables (refer to the Appendix). Therefore, the hazard ratio estimates for clinical CVD reflect the population-level change in the relative hazard of incident dementia if, contrary to fact, everyone in the population experienced clinical CVD compared with if no one experienced clinical CVD. In contrast, the hazard ratio estimates for the other variables in the models reflect the change in the relative hazard of dementia associated with a particular exposure if, contrary to fact, no one in the population experienced clinical CVD (i.e., independent of any effects of clinical CVD).
Model 1 indicates that the population-level relative hazard of dementia was estimated to be larger by 65% for those with CVD if, contrary to fact, no one in the population experienced CVD, although this increase was not statistically significant (hazard ratio ¼ 1.65, 95% confidence interval: 0.62, 3.16). Additionally if, contrary to fact, no one experienced clinical CVD in the population, there was no evidence of an associated change in the relative hazard of dementia in those with moderate SHS exposure (hazard ratio ¼ 1.02, 95% confidence interval: 0.48, 1.88) or high SHS exposure (hazard ratio ¼ 1.43, 95% confidence interval: 0.80, 2.32) relative to those with low/no SHS exposure.
When subclinical MRI measures and subclinical carotid artery measures were added, there was little change in the associations between clinical CVD, SHS exposure, and dementia risk. However, if, contrary to fact, no one in the population experienced clinical CVD, then the associated relative hazard of dementia was estimated to increase by two-thirds for those with small MRI infarcts (hazard ratio ¼ 1.67, 95% confidence interval: 0.92, 2.98) and was more than 2.5 times higher for those with evidence of white matter disease (hazard ratio ¼ 2.65, 95% confidence interval: 1.70, 4.34). The associated change in dementia risk was not significantly altered by large MRI infarcts (model 2) or subclinical carotid artery measures (model 3). When the joint effects of SHS and subclinical vascular measures were examined (model 4), there was evidence of interaction between SHS exposure and internal carotid artery stenosis on dementia risk. If, contrary to fact, no one experienced clinical CVD, neither SHS exposure nor internal carotid artery stenosis alone was associated with dementia risk (Figure 2 ; Table 3 , model 4); however, the relative hazard of dementia for those with both >25% stenosis and >25 years of SHS exposure was 3 times higher (hazard ratio ¼ 3.00, 95% confidence interval: 1.03, 9.72) than for those with neither of these characteristics. We found no suggestion that the relative hazard of dementia associated with other subclinical measures increased with increased SHS exposure (data not shown).
DISCUSSION
In this study of almost 1,000 lifetime nonsmokers, we found that exposure to high levels of SHS in combination with carotid artery stenosis was associated with an elevated risk of developing dementia over 6 years. The risk of dementia was tripled for participants who had lived with a smoker for >25 years over their lifetimes and also had carotid artery stenosis of >25% at baseline. There was no evidence of a direct effect of SHS exposure on the risk of incident dementia independent of the pathway through carotid artery stenosis. This is the first study known to examine the potential causal association of lifetime exposure to SHS with dementia in older adults. However, its findings are consistent with studies that have found an association between SHS exposure and worse cognitive function in children (8, 42, 43) and, more recently, adults (3) .
Several factors support the biologic plausibility of SHS exposure as a risk factor for dementia. First, SHS is highly toxic and contains at least 250 chemicals known to be harmful or carcinogenic (2); therefore, such exposure could negatively impact the brain and render it more susceptible to dementia. Second, exposure to SHS can cause both immediate and long-term adverse effects in the cardiovascular system that include increased ''stickiness'' of blood platelets, endothelial dysfunction, decreased coronary flow velocity reserves, and reduced heart rate variability (2, 13). Moreover, endothelial dysfunction may be related to the reduced clearance of beta-amyloid protein, which is considered to be related to the pathogenesis of Alzheimer's disease (44) . Third, evidence suggests that nonsmokers exposed to high levels of SHS may develop atherosclerosis of the carotid and large arteries of the brain as well as degeneration of the intracerebral arteries. These changes, in turn, may increase the risk of stroke and dementia (1, 13, 15, 21) . Therefore, there are several mechanisms through which SHS could directly and indirectly affect dementia risk.
In this study, dementia risk was increased 3-fold for subjects with >25 years of SHS exposure and >25% stenosis of the internal carotid artery, although the association was imprecisely estimated. We found no evidence of an associated increased risk of dementia by SHS exposure or carotid artery stenosis alone. This finding may reflect a true lack of Abbreviations: CI, confidence interval; HR, hazard ratio; MRI, magnetic resonance imaging; SHS, secondhand smoke.
a All models adjusted for age, gender, and education. Other variables listed in the Materials and Methods section of the text were included in the ''treatment'' model; therefore, it was not necessary to adjust for them in the marginal structural models. Refer to the Appendix for more details. Results were similar when subclinical MRI measures and subclinical carotid artery measures were included in the same model to determine whether their effects were independent, and when Modified Mini-Mental State Examination score was included as a stratification variable to further control for residual confounding by baseline cognitive function, education, and socioeconomic status.
b Marginal (population) relative hazard of clinical cardiovascular disease on dementia at time t for a given stratum of age, SHS exposure, gender, and education.
c Associated relative hazard of dementia at time t for various SHS exposure levels compared with that for subjects with 0-15 years of SHS exposure for a given stratum of age, gender, and education, independent of any effects of cardiovascular disease.
d Associated relative hazard of dementia at time t for subjects for various subclinical MRI measures (model 2), subclinical carotid artery measures (model 3), or interactions between SHS and subclinical carotid artery measures (model 4) for a given stratum of age, gender, education, and SHS exposure, independent of any effects of cardiovascular disease.
association, or it may reflect low statistical power to detect a small effect or bias toward the null associated with measurement error. Potentially, the effects of these variables alone were not sufficient to be observed as independent risk factors, but their combined effects may have acted synergistically to induce an association with dementia.
Similar interactions between SHS exposure and other measures of underlying CVD (e.g., MRI measures, intimal wall thickness) were not observed, however. This absence was partly due to insufficient data. However, it may have been due to biologic reasons as well. For example, the absence of interactions between SHS and the MRI measures and associated dementia risk might be explained by the fact that the MRI variables are specific to the brain and may represent pathways separate from those that involve general, underlying CVD. Therefore, the added effects of SHS exposure by way of these pathways might be negligible when compared with the risk of positive levels of different MRI variables for dementia and cerebrovascular disease. We also did not have adequate statistical power to perform analyses stratified by dementia subtype. Most of our subjects with dementia had Alzheimer's disease (64%), and it is possible that SHS has a more direct effect on vascular dementia.
Strengths of the study include its well-characterized study population, detailed measures of underlying CVD, and the use of MSMs, which made investigation of the different causal pathways between SHS and dementia possible. A limitation was that SHS was based on self-report and did not include measured work exposure or other external sources of SHS exposure. However, the study population consisted mainly of older women (~74%), whose most likely source of SHS was household exposure.
To ensure causal directionality and to identify effects specific to SHS exposure, our study was restricted to nonsmokers who had no preexisting clinical dementia or CVD. Specific types of subclinical CVD were examined in combination with SHS exposure to represent selective biologic pathways by which SHS might differentially affect risk of dementia. However, these restrictions and the specificity of the study reduced the sample size of the analysis and likely decreased the precision of our effect estimates.
Potentially, the significant interaction observed between SHS and carotid artery stenosis was due to type I error. Correction for multiple comparisons using a resamplingbased approach widened the confidence interval slightly (95% confidence interval: 0.97, 10.32) (45, 46) . Such adjustments are considered controversial, particularly when underlying causal associations are suspected, because of an increased probability of type II error (47) . Regardless, given that the estimate was imprecisely measured, the result should be considered preliminary and warrants additional follow-up. The study methodology addresses the fact that clinical CVD reflects, for many people, a causal pathway between SHS exposure and cerebrovascular disease. Moreover, we hypothesized that clinical CVD represents a causal pathway between SHS exposure and incident dementia. Thus, a direct effect of SHS on dementia risk could be examined, as well as the potential contribution of SHS exposure among subjects with subclinical levels of CVD. MSMs provide a method for the control of factors on the causal pathway, which is not possible with standard statistical approaches. The application of MSMs, in this instance, has relevant public health implications because it provides a quantitative basis for assessing the need to target older individuals, whose underlying characteristics put them at greater risk of dementia.
In summary, in this cohort of elder nonsmokers, we found that exposure to high levels of SHS alone did not increase dementia risk. However, those elders who had a history of high SHS exposure combined with a history of carotid artery stenosis experienced a 3-fold increase in the risk of dementia. . Association of secondhand smoke and internal carotid artery stenosis with dementia risk in the Cardiovascular Health Cognition Study, performed from 1991 to 1999. Cox proportional hazards marginal structural models were used to calculate hazard ratios for dementia as a function of secondhand smoke exposure and internal carotid artery stenosis, neither of which increased dementia risk when considered alone. However, the risk of dementia was 3 times higher for those with high levels of secondhand smoke exposure (>25 years) and internal carotid artery stenosis (>25%) compared with those with no/low secondhand smoke exposure (<15 years) and 25% stenosis. 
APPENDIX Implementation of Cox Proportional Hazards MSMs
Overview. MSMs are based on the concept of counterfactuals, which represent the set of outcomes subjects might have experienced if they experienced exposures other than the ones actually received (37, 46, 48, 49) . Hypothetically, if we knew the outcomes that corresponded to all possible exposures that a given subject could experience (i.e., the outcomes associated with his or her ''actual'' as well as ''counterfactual'' experiences), then each subject would serve as his or her own control and we could assess whether differences in the outcome were attributable causally to differences in level of exposure. In practice, we do not observe all possible outcomes. MSMs represent one class of causal statistical models for modeling this hypothetical world, based on observed data, and for examining causal parameters of interest (46) . Moreover, MSM analyses enable modeling of time-dependent confounders and informative censoring and therefore can provide unbiased estimates of these causal parameters (37) .
Identification of causal effects with MSMs, based on observed data, depends on a set of assumptions and estimation procedures (e.g., inverse probability of treatment weight) (37) . In addition to inverse probability of treatment weights, weights are obtained to account for systematically missing covariates and loss to follow-up (inverse probability of censoring weights) (37) . A weighted logistic regression estimated with generalized estimating equations, with weights derived for each subject, was used to fit the Cox proportional hazards MSMs in this analysis (36) .
Typically, MSMs include both ''causal parameters'' and ''stratification variables.'' In our analyses, it was not possible to define SHS as the causal parameter because doing so would have required knowledge of both when SHS exposure occurred and what factors contributed to greater or lesser exposure to SHS (both required to define causal effects). Therefore, we examined SHS as a baseline stratification variable and treated clinical CVD as the causal effect parameter in the analyses. This decision seemed reasonable because SHS exposure has been associated with increased risk of CVD. Additional baseline stratification variables included subclinical measures of carotid artery disease and cerebral MRI status, age, gender, and education.
This approach enabled us to examine the causal contribution of population-level differences in CVD incidence to the change in the hazard of onset dementia at time t during the 6-year study. In addition, we examined the associated change in the hazard of dementia for different baseline stratification variables given that, contrary to fact, no one in the population had clinical CVD. In this manner, we examined the association of the different levels of these stratification variables with respect to the risk of onset dementia independent of these variables' influence on clinical CVD. Identification and estimation of parameters, used to represent the contributions of these variables to the risk of dementia, are based on a set of assumptions that underlie MSMs. For example, confounders (refer to the ''Other measures'' paragraph in the Materials and Methods section) of clinical CVD and dementia were examined in a separate ''treatment'' model to satisfy one of these assumptions, and results from that model were applied toward estimating the Cox proportional hazards MSM parameters. In this manner, only those variables of direct interest are included in the MSM.
In summary, Cox proportional hazards MSMs provide parameters that represent estimates of the causal relative hazard of exposure and disease onset more directly than do the parameters from the usual Cox proportional hazards association model. Moreover, these MSMs provide unbiased estimates in the presence of causal intermediates that cannot occur with standard analytical methods.
Causal model. Given a time-dependent process (t ¼ 1, . . ., 6) that includes clinical CVD incidence, recorded covariates (time dependent and time independent), and occurrence of dementia, we define the following Cox proportional hazards MSM to examine the causal contributions of population-level CVD incidence and baseline risk covariates ''v'' (e.g., age, cumulative lifetime SHS exposure) to the hazard of onset dementia at time t:
T a denotes a counterfactual outcome process of time to dementia (years after baseline interview) that corresponds with all possible courses of CVD incidence subjects could have experienced during the 6-year study a ðtÞ. Once a subject experienced an event, he or she was classified as having CVD for the length of the study. k 0 ðtÞ represents the unspecified baseline hazard of dementia at time t. The parameter b 1 signifies the causal log relative change to the baseline hazard of dementia at time t if, contrary to fact, everyone in the population experienced clinical CVD through observation time t compared with no one in the population having CVD. These counterfactual hazards were examined for subpopulations defined by v (v includes categories of exposure to SHS). b 2 is a parameter vector that signifies the associated log relative hazard change to the baseline hazard at any time t for different subpopulations of subjects as defined by v-for example, category of SHS, age-given that everyone in the population did not experience clinical CVD. It is important to note that the parameters that correspond with the baseline covariates are not causal but association parameters; however, they can be interpreted as having taken into account clinical CVD as a causal intermediate.
MSM assumptions.
In general terms, we make the following 4 assumptions to identify causal effects with MSMs: 1) temporal ordering of variables-for example, covariates at t precede clinical CVD status at t and dementia status at t þ 1; 2) consistency assumption-observed data are just one realization of the ''full'' counterfactual data; 3) no unmeasured confounding-the treatment (e.g., clinical CVD) at any given time t, conditional on covariates, is independent of the counterfactual outcome; and 4) experimental treatment assignment-all possible treatments (e.g., occurrence/ absence of clinical CVD) are observed for given covariates (37, 46, 48, 49) .
Estimation of causal parameters. Identification of Cox proportional hazards MSM estimates requires satisfaction of the above 4 assumptions. In particular, satisfaction of the no-unmeasured-confounding assumption is based on solving the inverse probability of treatment weight estimating equation (36, 37) . Solving this equation is equivalent to performing a weighted Cox proportional hazards regression with subject-specific treatment weights (Sw): These weights were obtained by using 2 probability models. The first was a pooled logistic regression of incident clinical CVD AðkÞ on time-dependent covariates LðkÞ (e.g., hypertension, physical activity at time k) and time-independent covariates (e.g., gender, education, income), described in the ''Other measures'' paragraph of the Materials and Methods section. The second model was similar to the first but was a fit of incident clinical CVD on subsets of the baseline covariates VðV & Lð1ÞÞ specified in the different Cox proportional hazards MSMs. The probabilities from the 2 models were used to create subject-specific stabilized weights at each time point for which a subject's data were observed.
Informally, the denominator of the formulation above represents the probability of observing a subject's history of incident clinical CVD given covariates and no previous history of clinical CVD through time k (36) .
In addition to inverse probability of treatment weights, subject-specific weights were obtained to account for systematically missing covariates and loss to follow-up (Swc) using inverse probability of censoring weights (36) :
Here, a pooled logistic model was fit to evaluate censoring at follow-up CðkÞ based on previous levels of covariates L ðk À 1Þ among those present at time k -1. Past clinical CVD was not considered as a covariate in the model because of limited data. Separate logistic models evaluated systematically missing data in 2 baseline variables (apolipoprotein E, income) by using other baseline covariates L * À 1 Á , and the estimates were used to determine the joint probability of no censoring in either of these variables, Cð1Þ ¼ 0: Other data missing at baseline were considered missing at random. It was not necessary to develop a set of stabilized weights for these inverse probability of censoring weights given that they were relatively stable (i.e., no large weights). Informally, these weights represent the inverse probability of observing a subject in the data given his or her past covariate history.
We implemented the Cox proportional hazards MSM with a weighted logistic regression, for example, of clinical dementia YðtÞ on clinical CVD a ðt À 1Þ and baseline covariates V among those with no previous clinical dementia, logitPrðYðtÞ¼ 1 j Yðt À 1Þ ¼ 0; VÞ¼ b 0 þ b 1 a ðt À 1Þþb 2 V; with the product of the weights SwðtÞ 3 SwcðtÞ derived for each subject. Generalized estimating equations were used to account for within-subject correlation induced by use of the weights (36) . Given that the standard errors with this approach tend to be too conservative, we obtained empirical estimates of the standard errors with 1,000 bootstrap replications (46) .
Experimental treatment assignment assumption. Experimental treatment assignment violation was assessed informally by comparing the distributions of the conditional probabilities of clinical CVD, given covariates, in subjects with and without CVD. Given the low frequency of clinical CVD in the population, both distributions indicated a low probability of disease, but there was sufficient variability in both distributions (i.e., covariates not deterministic of CVD status) to indicate that a violation of the experimental treatment assignment was unlikely.
